C
ohesin is a conserved protein complex with a well documented role in providing stable but reversible connections between sister chromatids during both mitosis and meiosis. Cohesin consists of two long coiled-coil proteins (SMC1 and SMC3) and two non-SMC subunits (SCC1/Rad21 and SCC3/SA) that combine to form a ring-like structure. Establishment, maintenance, and timely removal of cohesin-mediated cohesion is critical to ensure regular chromosome segregation (1) (2) (3) . However, recent findings indicate that in higher eukaryotes chromosome segregation may not be the only major function of cohesin. Several studies have shown an effect of reduction in dose or expression of genes encoding cohesin subunits and of the cohesin loading factor Nipped-B/SCC2 on expression of the cut locus in Drosophila (4) (5) (6) . Two articles published earlier this year demonstrated that cohesin mutations in Drosophila disrupt axon pruning at a postmitotic stage in development of the Drosophila nervous system by inhibiting expression of the Ecdysone-Receptor (EcR) gene (7, 8) . In this issue of PNAS, Hallson et al. (9) suggest a considerably broader role of cohesin in gene regulation in Drosophila. Their findings indicate that mutations in the gene encoding the Rad21 cohesin subunit interact with mutations in hedgehog (hh), a signal-transduction gene with multiple developmental roles (10) , and in Polycomb (Pc), which encodes a component of a chromatin complex responsible for silencing expression of multiple homeotic genes during development. These phenotypes are characteristic of mutations in trithorax-group (trxG) genes, which encode a diverse group of chromatin proteins required to counteract Polycomb group (PcG)-mediated silencing and maintain appropriate expression of several genes important for proper identity of Drosophila segments and other developmental processes (11) (12) (13) . Thus, the findings of Hallson et al. (9) suggest that cohesin may play a fundamental role in developmental gene regulation in addition to its established role in chromosome segregation.
Identification of verthandi, a Heterochromatic Gene That Encodes Drosophila Rad21
In the process of genetically annotating Drosophila heterochromatin, Hallson and colleagues (9) (14, 15) . All vtd alleles are recessive lethal, strong alleles resulting in embryonic lethality and weaker ones resulting in pupal lethality, and all function as dominant suppressors of Mrt. Several vtd alleles are deletions, but Hallson et al. (9) identified three independent point mutations within the Rad21 coding sequence, including a nonsense mutation in exon 1 predicted to yield a very short Rad21 fragment that results in embryonic lethality. Hallson et al. showed that ectopic expression of a transgeneencoded Rad21 fully rescued the lethality of this allele, thus confirming the identification vtd and Rad21.
Importantly, Hallson et al. (9) provide convincing evidence that vtd mutations disrupt sister chromatid cohesion and chromosome segregation, the most compelling being that hemizygosity for a point mutation in the putative SMC3-binding domain of Rad21 causes premature sister centromere separation and extensive aneuploidy in larval brain cells. Thus, Rad21 is required for sister centromere cohesion in Drosophila. This confirms the results of a recent study using ectopic expression of TEV protease to remove an engineered Rad21 protein during early embryonic development (8) . These findings come as no surprise in light of previous work in other eukaryotes and less direct studies in Drosophila involving Rad21 localization and RNAi knockdown approaches (16, 17) , but they are satisfying and important results nonetheless.
Rad21 Is Implicated in Regulation of Developmental Genes by the Pc-G and Trx-G Complexes
The more interesting finding of the Hallson et al. (9) study is that mutations in Rad21 suppress dominant alleles of Polycomb, similar to the effects of trxG mutations. Polycomb encodes a component of a chromatin complex involved in maintaining the silenced state of homeotic and other genes throughout development. Reduced dose of Pc (PcϪ/ϩ) and of several other PcG genes leads to ectopic activation of homeotic genes in body segments in which they would normally be silent, leading to morphological transformations. For example, ''sex combs'' (patches of long, thick bristles) are present on the first tarsal segment of all six legs in Pc 4 /ϩ males, instead of on just the anteriormost pair of legs, as in wild-type males (11) (12) (13) .
Ectopic expression of homeotic genes in such genotypes depends on trithoraxgroup (trxG) genes, which encode a diverse array of transcriptional regulatory proteins including components of complexes that function in histone modification (e.g., Trx and Ash1, Set-domain proteins responsible for methylation of histone H3K4) or chromatin remodeling, (e.g., Brahma, Osa, Moira, and Kismet, proteins that belongs to several ATPdependent chromatin remodeling complexes). trxG genes act in opposition to the silencing functions of PcG genes and serve to maintain expression of homeotic and other genes throughout development. Reduced dose of trxG genes counteracts the reduced dose of Pc, restoring normal regulation of homeotic genes and suppressing the sex comb phenotype and other segmental transformations. trxG and PcG genes interact in similar ways to control regulation of Nipped-B, mutations in four other cohesin genes, including smc1, which encodes a core cohesin subunit, do not dominantly suppress either Mrt or Pc mutations (5, 20) . Although these negative results could be explained in a number of ways, such as genetic background or threshold differences, they prevent drawing any firm conclusion about whether Rad21 functions in developmental gene activation as part of cohesin or separately.
Another complication that remains to be sorted out is that cohesin has been shown to repress rather enhance expression of the cut gene, whereas Nipped-B enhances cut expression. Cohesin binds directly to the upstream regulatory region of cut, and reductions in the amounts of the SMC1, Rad21, and SA proteins suppress a partial loss-offunction mutation (cut K ) that results from insertion of the gypsy retrotransposon in upstream regulatory DNA and consequent interference with the ability of a distant upstream wing enhancer to activate the cut promoter (4, 5, 18) . Dorsett et al. (5) proposed that in addition to loading cohesin, the Nipped-B complex can also remove it, and that this unloading activity depletes cohesin in the upstream regulatory region of cut, thus loosening chromosome structure and promoting enhancer-promoter communication via looping or other longdistance interactions. This raises the possibility that binding of cohesin can have gene-specific effects on transcription. Hallson et al. (9) suggest that binding of cohesin could help maintain an extended chromosome conformation, which might counteract heterochromatic silencing at some loci-e.g., by preventing compaction by Pc complexes-but inhibit enhancer-promoter communication at others-e.g., by hindering looping. The effects of cohesin binding might therefore depend sensitively on whether it is located preferentially upstream or downstream of transcription start sites and the extent to which transcription is controlled by distant enhancers. This interesting hypothesis remains to be tested.
In light of the conflicting observations between the effects of changes in dose or function of cohesin genes on expression at cut versus the EcR, hh, and homeotic loci, it remains to be determined whether cohesin acts to enhance or repress transcription at most loci. The strong correlation between localization of cohesin and RNA polymerase II in genome-wide ChIP analyses would seem to favor an overall activating role of cohesin (18) . However, the interpretation of the ChIP studies is complicated by the possibility that the cause-effect arrow could instead (or, in addition) point the opposite way-i.e., that bulk cohesin localization patterns could be dictated in part by transcriptional status and/or chromatin conformation. This could be the case if, for example, cohesin rings can only be loaded at sites where chromatin is not compacted to a diameter greater than 10 nm. Sorting out the complex interplay between cohesin and transcriptional regulation is likely to require a combination of high-resolution genetic and molecular methods at multiple loci.
